INTRODUCTION
Phyllolepid placoderms are an enigmatic group of with distinctively ridged dermal ornamentation. The genus Phyllolepis was erected by Agassiz (1844, P. concentrica) report of articulated phyllolepid dermal armor was by Woodward (1915) from the Famennian-age Dura Den beds, Scotland, a specimen that Stensiö (1939) named Phyllolepis woodwardi. This specimen led Woodward allied to the Drepanaspidae or Psammosteidae. Stensiö (1934 Stensiö ( , 1936 Stensiö ( , 1939 showed that phyllolepids were jawed Order, Phyllolepida, based on his studies of the East Greenland taxa Phyllolepis orvini Heintz 1930 (Stensiö, 1934 , P. soederberghi (Stensiö 1936) and P. neilseni (Stensiö, 1939) . Despite the description of many isolated phyllolepid plates from various Upper Devonian deposits of Europe, Russia and North America (eg. Lohest, 1888; Fristch, 1889; Newberry, 1889; Rohon, 1900; Leriche, 1931; Vasiliauskas, 1963) , the only other articulated phyllolepid remains were P. orvini from East Greenland (Heintz, 1930) . The next articulated phyllolepid discovery from the Northern Hemisphere is described herein.
Isolated dermal plates of phyllolepids from the Southern Hemisphere were recorded from throughout Australia by Hills (1931; 1932; 1959) . Hills attributed the material to the Northern Hemisphere taxon Phyllolepis with species remaining indeterminate. In the early 1970s, many complete, articulated specimens of a new phyllolepid were found from the Middle Devonian (Givetian) Mt. Howitt site in southern Australia. These showed growth series, details of the jaws, tail, parasphenoid, otoliths and other aspects of the anatomy of the group for two species of Austrophyllolepis based on differing plate proportions (Long, 1984) . This work supported Stensiö's assignment of the group to Placodermi, and provided the are a clade nested within Arthrodira, a view that has since been supported by other phylogenetic analyses (Goujet and Young, 2004; Dupret, 2004; Dupret and Zhu, 2008; Dupret et al., 2009; Hunt and Young, 2011) .
Another taxon from Australia, Placolepis, was erected by Ritchie (1984) based on many isolated plates and associated partial dermal armors from Braidwood, New South Wales. Placolepis proved to be the most plesiomorphic of the known phyllolepid genera (Long, 1984; Dupret and Zhu, 2008) and demonstrates variability in the shape and degree of linear ornamentation in the phyllolepid dermal armor. Other discoveries, including an articulated phyllolepid Placolepis harajica (Young 2005a) , allowed restoration of the dermal armor of additional new species from Australia (Long, 1989; Young, 1988a; 2005b) and Antarctica (Young, 1988b; Young and Long, 2005) . Cowralepis (Ritchie, 2005; Carr et al., 2009; Johanson et al., 2012) is known from hundreds of complete, articulated specimens showing details of the jaws, visceral skeleton and axial skeleton. Cowralepis material also demonstrates that angular strain within bedding planes can affect plate proportions. Ritchie (2005) used this observation to suggest that the two Mt. Howitt forms of Austrophyllolepis might be a single species, although this hypothesis remains to be rigorously tested.
The history of phyllolepid discoveries in North America starts with an isolated median dorsal plate (AMNH 6807) from the Catskill Formation (Chemung) near Leroy, Bradford County, Pennsylvania, that was described by Newberry (1889) as Phyllolepis delicatula. This taxon is now considered a nomen nudum based on the lack of diagnostic features (Lane and Cuffey, 2005) . Another early specimen, AMNH 6569, an isolated plate displaying phyllolepid-like ornamentation is also from near Leroy, Bradford County, Pennsylvania. Here we refer AMNH 6569 to Holonema based on of linear ornamentation and the lack of curvature shown by the ridges of raised bone. Isolated plates attributed to phyllolepids by Hussakof and Bryant (1918) from the Frasnian of western New York are also considered to be (2005) described Phyllolepis rossimontina based on a collection of material, including one partially associated specimen (ANSP 20822, holotype of P. rossimontina), from the Duncannon Member of the Catskill Formation at the Red Hill site in Clinton County, Pennsylvania. Here we describe a new articulated phyllolepid specimen from a different locality in the Catskill Formation, but within the same stratigraphic age range as P. rossimontina. The new placoderm from North America (outside of Greenland) and only the third articulated phyllolepid species known from the Northern Hemisphere. The new specimen, along with new data on P. rossimontina, demonstrates the wide range of variability within the genus Phyllolepis, and serve as a basis for revision of the genus.
GEOLOGICAL BACKGROUND
The Catskill Formation is composed of clastic sediments deposited during the Middle and Late Devonian as the Acadian Orogenic Belt shed sediment westward and northwestward into a foreland basin and epeiric sea. Climate regimes were tropical with alternating wet and dry seasonality. High rates of sedimentation in the basin Delta Complex (Sevon, 1985) .
Phyllolepis has now been reported from the Catskill Formation in four Pennsylvania counties (Figure 1 ). Since the description of Phyllolepis delicatula Newberry 1889 from southwestern Bradford County, the only valid phyllolepid material reported from the Catskill Formation has been from collecting efforts directed by the Academy of Natural Sciences from 1993 to 2010 in Clinton, Lycoming and Tioga counties. Lane and Cuffey (2005) described Phyllolepis rossimontina and a suite of isolated elements of Phyllolepis from the Red Hill site in Clinton County. More recently, additional Phyllolepis specimens have been collected by one of us (EBD) from Lycoming and Tioga counties, including ANSP 21822, the most complete phyllolepid specimen recovered to date from the Catskill Formation.
The late Famennian age (Fa2b and Fa2c substages) of these Catskill Formation records is based on palynomorph biostratigraphy (Traverse, 2003) , although the P. delicatula site in Bradford County has not been located and its precise stratigraphic position cannot be determined. Lane and Cuffey (2005) Figure 1 ) the Catskill Formation is undifferentiated with respect to member designations that are used to subdivide the unit to the south and west. The vertebrate faunas from these eastern sites are dominated by the antiarch placoderm Bothriolepis sp. and the porolepiform sarcopterygian Holoptychius sp.. These taxa are characteristic of the Sherman Creek Member of the Catskill Formation as well as much of the undifferentiated Catskill Formation throughout the state. This assemblage also includes rare occurrences of the rhizodont sarcopterygian Sauripterus taylori (Hall, 1943; Davis et al., 2004) and occasional isolated elements of pachyosteomorph placoderms (Sime, 2011). ANSP 21822 was found at a road cut section of the Catskill Formation exposed along the Covington Bypass of Route 15 (Interstate 99). The specimen is in red sandy siltstone, a characteristic lithology of the Catskill Formation, which had been excavated in bulk and moved a short distance. The location suggests that the specimen was derived from the lower part of the Catskill Formation. The underlying Lock Haven Formation grades conformably into the Catskill Formation, although the lowermost transitional beds of the Catskill Formation are not exposed at the Covington Bypass site. The Lock Haven Formation consists of gray siltstone and sandstone deposited in nearshore marine settings (Faill et al., 1977) . In the road cut at the Tioga Rest Stop, 20km to the north of the Covington Bypass site, the lowest part of the Catskill Formation is well exposed. The contact zone between the grey sands and silts of the Lock Haven Formation and the red beds of the Catskill Formation is characterized by the presence of articulate brachiopods, Lingula, and vertical burrows, and represents and Rygel, 2009). Although the new Phyllolepis material from eastern sites of the Catskill Formation do not come from this transitional zone, the sedimentology of these sites suggest that they were deposited in lower alluvial plain and deltaic facies of the Catskill Formation.
The Phyllolepis material from the Red Hill site in Clinton County (the westernmost site in Figure 1 ) is found in association with a distinctly different fauna that includes groenlandaspidid placoderms, a gyracanthid acanthodian, megalichthyid and large tristichopterid sarcopterygians, and early tetrapods (Daeschler et al., 2009) . The sedimentology suggests that this material was deposited in meandering stream and overbank facies of the Catskill Formation. The considerable lateral and vertical variation of depositional facies within a meandering stream system 2011). Most of the vertebrate remains are found in red sandy siltstones and sandstones that accumulated along the strandline of the aggrading margins of channels after avulsion episodes. At least one phyllolepid specimen at Red Hill was recovered from green-gray siltstones with abundant plant material suggesting a low energy, reducing the subject of a recent analysis of the paleoecological conditions associated with terrestrialization during the Late Devonian (Cressler et al., 2010) . Phyllolepids are one of the few taxa that are found in both of the Catskill faunas discussed above, although they are not common in either assemblage. Methods.-In cases where only the visceral surface of the nuchal and median dorsal plates were exposed, the specimens were imaged then immersed in a dilute HCl solution (10%) to remove the soluble fossil material, leaving a detailed mold of the external surfaces of plates. Latex peels were made of the acid-etched molds of dermal sura few drops of black india ink. Additional physical and acid preparation around the margins of the nuchal plate on the counterpart block of ANSP 20822 (holotype of Phyllolepis rossimontina) revealed previously undocumented marginal elements. Fossil specimens and latex peels were whitened with ammonium chloride prior to imaging. Images were made with low-angle lighting and a Kodak D-80 camera, and manipulated in Adobe Photoshop.
Remarks.-Phyllolepids were originally recognized as a distinct family by Woodward (1891) but were later placed in their own order separate from arthrodires by Stensiö (1934) . They are now interpreted to be a distinct clade nested deeply within Arthrodira (Long, 1984; Dupret, 2004; Dupret and Zhu, 2008) . The taxonomic stability of over the monophyly of the Arthrodira (Young, 2008; Hunt & Young 2011) . The diagnosis of Phyllolepidae includes all forms with a single centronuchal plate that is as broad or broader than long (thus lacking paired central plates) and and Long's (2005) diagnosis included the loss or absence of rostral and pineal plates. Ritchie (2005) showed that the posterior dorsolateral plate is present in the trunk armor of Cowralepis, for it in Cobandrahlepis and Yurammia -its absence in all other phyllolepids is now accepted by most workers as autapomorphic.
PHYLLOLEPIS Agassiz, 1844
Type Species.-P. concentrica Agassiz 1844
Amended diagnosis.-Phyllolepid placoderms with dermal ornamentation developed in mostly concentric patterns of narrow linear ridges and occasional patches of tubercles; nuchal plate with relatively straight to slightly convex anterior margin and only slightly broader anteriorly than posteriorly; marginal plate with a combination of a sub triangular exposed area broadest anteriorly with a lateral line canal crossing onto the paranuchal plate from within the posterior third of the marginal; paranuchal plate with the lateral line canal entering in the posterior half of plate, and lacking visceral anterior process; posterior median ventral plate and posterior dorsolateral plates are both absent.
Remarks.-Phyllolepis was the only genus recognized in Phyllolepidae until 1984, and was based on two species known from articulated material, P. woodwardi Stensiö 1939 from the Famennian of Scotland and Phyllolepis orvini Heintz 1930 from the Famennian of East Greenland, as well as many isolated plates from various localities (Stensiö 1934 (Stensiö , 1936 . Many phyllolepids have been described from scant material that was assigned species names. As discussed earlier, the discoveries of several well documented Gondwanan phyllolepids (Placolepis Ritchie 1984 , Austrophyllolepis Long 1984 , Yurammia Young 2005c , Cobandrahlepis Young 2005c , and Cowralepis Ritchie 2005 have informed the stratigraphic range of phyllolepids during the Middle-Late Devonian of that region, and informed the range of variation expected within phyllolepid species.
Phyllolepis on characters and proportions of certain plates when seen in an articulated armor such as P. woodwardi and the new specimen described herein. Each of these taxa has distinctive features of the sub-triangular dermal genera. The shape of externally exposed marginal varies within Cowralepis from being similar to that of Phyllolepis marginal of Cowralepis can be distinguished from that of Phyllolepis by two main characters; 1) a deeply concave anterior margin where it meets the postorbital plate, and 2) the exit of the main lateral line canal in the middle of the plate rather than in its posterior third division. Many other generic features also separate Cowralepis from Phyllolepis, especially the presence of a distinct posterior dorsolateral plate in Cowralepis
The position of entry of the main lateral line canal is located more posteriorly in P. woodwardi, P. orvini, and also in the new Catskill Formation specimen. This feature contrasts with the description of Cobandrahlepis position in Cowralepis (Ritchie, 2005) . In each of these taxa, the main lateral line canal is well within the anterior half of the plate, relative to the position of the canal as seen in the known species of Phyllolepis. Other features are variable and can only be used in association with other characters to diagnose the genus, such as in the shape of the nuchal, which is more convex in Placolepis and Cowralepis, but unknown for Cobandrahlepis and Yurammia. The presence or absence of a posterior median ventral plate seems variable. Such a plate is clearly present in Austrophyllolepis (Long, 1984; 1989) , and Cowralepis (Ritchie, 2005) , but absent in Phyllolepis, Placolepis and Cobandrahlepis disarticulated material is only possible if a large associated assemblage is known, as for Placolepis from Braidwood, Australia (Ritchie, 1984) or Phyllolepis species from East of genera from isolated plates remains uncertain based only on plate shape and ornamentation unless one of the diagnostic plates is present (marginal or paranuchal).
The small collections of isolated phyllolepid plates that were described as new species such as P. concentrica (as restricted by Stensiö, 1939) , P. konicki, P. undulata (Lohest, 1888) , and P. delicatula (Newberry, 1889) Remarks. -Lane and Cuffey (2005) erected this species based largely upon shape and proportions of the nuchal, features of the dermal ornamentation on each plate, and shape of the anterior ventrolateral and posterior ventrolateral plates. New discoveries have demonstrated variable within populations of phyllolepid species. In Austrophyllolepis ritchiei, for example, plates exist with Placolepis also has plates with only linear ornamentation (Ritchie, 1984: P. quiltyi, Young & Long 2005 ) but sometimes combined with areas of linear and tubercular ornamentation on certain plates (Ritchie, 1984: Cowralepis provides the best ornamentation in phyllolepids (Ritchie, 2005) . In this form, assuming only one species is present (G. C.Young, pers. comm., Sept. 2012 thinks there could be more than one F, G) and in others areas, such as on dorsal surfaces, ornamentation may be sparse or completely absent on some P. rossimontina there is a of dorsal plates (Nu, MD) displaying a more mesh-like reticulation with only weakly developed lineation. Here we illustrate the nuchal plate from the holotype (Fig 2A) along with other nuchals from P. rossimontina, to demonstrate this special ornament type. This mesh-like ornament is seen throughout ontogeny in this species, as shown by juvenile plates (ANSP 21187 (MD), width = 2.5 cm) through to the largest plates (ANSP 21407 (MD), width = 5.75 cm). Lane and Cuffey (2005) suggest that a diagnostic feature of P. rossimontina is PVLs with "anterior end straight, parallel to posteromedial margin of the anterior ventrolateral plate, slanting posterolaterally". This, however, is not diagnostic, it occurs in all known phyllolepids because these two plates contact each other along a common margin and so are orientated in the same way.
PHYLLOLEPIS THOMSONI sp. nov. Figures 3, 4B
Diagnosis.-Phyllolepis species with nuchal plate with two distinctly concave anterodorsal margins for contact with postorbital, postnasal and preorbital plates; Preorbital plates meet mesially (as all other phyllolepids except for P. orvini); Dermal ornamentation of distinct, widely separated concentric lineations on nuchal, median dorsal, anterior lateral and parnuchal plates, with outermost patches of tuberculation and shorter lineations near the external margins of the preorbital, postnasal, postorbital and marginal plates. Referred Specimens.-Two median dorsal plates ANSP 23395 (Fig. 5A) and ANSP21901 (Fig. 5B) . These isolated elements lack the typical reticulated ornamentation seen in P. rossimontina, and bear the linear style ornamentation seen in the holotype of P. thomsoni (but also known on other phyllolepids such as P. orvini, P. woodwardi, and Placolepis spp.). These referred specimens also come from
Holotype.-ANSP 21822, articulated dermal armor in dorsal view (Figure 3 ). The holotype lacks the spinal and much of the anterolateral plates of the trunkshield, with only a partial anterior dorsolateral preserved on the left side. The specimen has undergone a small degree of lateral shear, approximating 10% distortion to the right of the centerline. twice as broad as long in the exposed dermal-ornamented areas, with strongly convex ventral margins where they meet the nuchal. The postnasal plates have a short contact area with the nuchal and display typical V-shaped sensory line canal as in other phyllolepids, but they lack a distinct angular anterolateral corner as seen in P. woodwardi ( Figure 4A ). The preorbital plates have a marginally longer anterior division demarcated by the entry of the infraorbital sensory canal, compared with the shorter, narrower posterior division that contacts the paranuchal. The marginal plate is sub-triangular in shape, as is typical concave margin where it contacts the posterior edge of the postorbital. The paranuchal plates are elongate in form, being less than half as broad as long, with the main lateral line canal entering about halfway along the plates' length as for other Phyllolepis species.
Trunkshield.-The median dorsal plate is as long as broad, with gently rounded lateral corners. The dermal ornamentation is of widely spaced linear ridges along the outer regions of the plate. The anterior dorsolateral plate is partially preserved on the right side and almost complete on the left side. It is very narrow in exposed external area with a deeply incised lateral line canal groove, and some tubercular ornament developed near its posterior margin.
only the anterior half of the plate on the right side only. It displays linear ornamentation with a sparsely ornamented central zone.
the eastern sites of undifferentiated Catskill Formation (see Geological Background discussion) and it is probable that these plates belong to P. thomsoni, but lacking associated He has also been a mentor and colleague to many Devonian workers including one of us (EBD).
Remarks can nonetheless be readily distinguished from P. woodwardi by the very broad proportions of the nuchal, the strongly concave anterolateral margins of the same element, and by the less angular anterolateral corner of the paranuchal plate. It can be distiguished from P. orvini by the preorbitals contacting each other mesially; and from P. rossimontina by the more conventional shape of the nuchal plate and the concentric, linear-style dermal ornamentation.
DESCRIPTION
Headshield.-The preorbital plates are approximately (Young, 2005a (Figure 6 ). Lelièvre et al. (1994) report a plate of Placolepis sp, nov. from the Emsian-age Jauf Formation of Arabia, and occurrence of this group. The upper range for phyllolepids in the East Gondwana regions is not clear, as Frasnian species are well documented but only indeterminate phyllolepid plates occur in Famennian strata in Australia (eg. Hills, 1936; Young, 2005a) and no Famennian taxa are Long and Young, 1995) . Although early reports of genus Phyllolepis in Australia still permeate the literature (eg. Denison, 1978, p. 42) , there is no convincing evidence to establish the genus Phyllolepis in East Gondwana at this time.
In the Northern Hemisphere phyllolepid placoderms are restricted to the Famennian stage of the Late Devonian (Young, 1974; 2005a) ranging from the oldest in the rhomboidea zone (P. tolli from Russia (Vasiliauskas, 1963) ) to the coeval occurrences of several taxa in the expansa zone (P. neilseni, East Greenland; P. rossimontina and P. thomsoni, Pennsylvania, USA) ( Figure 6 ). These phyllolepid species co-occur with early tetrapods, bothriolepid antiarchs and groendlandaspid arthrodires. Young (1981) suggests that there was a migratory event resulting in placoderms from Gondwana entering Euramerica in the late Frasnian, and tests of this hypothesis based on recent discoveries support this view (Young, 2005a; 2010) . Thus groenlandaspidid arthrodires, bothriolepid antiarchs and phyllolepids comprise a typical faunal assemblage that is prevalent in the Givetian of Australia and Antarctica (Young et al., 1993; 2010) , but is only recognized within the latter half of the Famennian in the Northern Hemisphere (Stensiö, 1948; Dineley, 1993; Daeschler et al., 2003) . The antiarch Remigolepis, well known from the late Famennian of the Northern Hemisphere in Europe, North America and China (Pan & Wang, 1978) , also has an earlier appearance in Frasnian units in Australia (Young, 2006 (Young, , 2007 .
The association of Phyllolepis species with early tetrapods in the Northern Hemisphere is well known and therefore the presence of Phyllolepis may serve as an indicator of favorable paleoecological conditions in the search for early tetrapods (Young 2005a) . The suggestion that tetrapods may occur at an earlier age in East Gondwana has been raised (Long, 1990; Warren et ., 1986; Young 2006) but dismissed by others due to lack of convincing trackway data (Clack, 1997) . A new chronology for tetrapod origins has been suggested based on the recent discoveries of putative tetrapod tracks and trackways in the basal Middle Devonian (Eifelian) of et al., 2010) . This chronology is further supported by recent analyses using molecular data divergence times (George and Blieck, 2011) , and from statistical methods looking at predicted nodes for tetrapod divergence (Friedman and Brazeau, 2011) . Both studies suggest an estimated Early Devonian time of origin for tetrapods. In recent years, new evidence that tetrapods the Devonian period, is still debated based on the Glenisla tetrapod-like trackway (Warren et al., 1986 (Warren et al., ), which et al., 2010 (Warren et al., ). et al. (2010 suggest should be re-examined in view of the new data from Poland.
The recent discovery of a basal phyllolepid from the Early Devonian of China (Dupret and Zhu, 2008) , although consistent with the Jauf Formation Placolepis (Lelievre et al., 1994) , shows the presence of this lineage extending further back in time than previously thought. This pattern is further supported by the oldest occurrence of groenlandaspidid arthrodires in Germany (Tiaraspis; Schultze, 1984) from a terrane that is derived from the margin of Northern Gondwana (Young, 1987) . These observations suggest that phyllolepids and their associated faunas could be found in much older strata within East Gondwana, where poorly-known Early to Middle Devonian assemblages contain highly endemic taxa within the socalled Wuttagoonaspis fauna (Young and Goujet, 2003) . using placoderms like Phyllolepis and associated taxa will less well known regions such as South America (Young and Moody, 2002) and Africa (Long et al., 1997) .
